Introduction {#imm12884-sec-0001}
============

The complex interplay between cells of the innate and adaptive immune system, co‐stimulatory and co‐inhibitory molecules, chemokines and cytokines determines to a large extent the outcome of a host\'s primary encounter with a pathogen or a vaccine. Therefore, it is essential to characterize and delineate the individual parameters first, in order to understand the entire process. This knowledge will enable us to direct immune responses into the desired direction. Signalling between CD80/CD86 and CD28 (signal 2) is essential for full activation of naive T cells upon T‐cell receptor triggering via peptide--MHC complexes (signal 1).[1](#imm12884-bib-0001){ref-type="ref"} During this priming process, the tumour necrosis factor (TNF)/TNF receptor (TNFR) superfamily (SF) becomes especially important.[2](#imm12884-bib-0002){ref-type="ref"} Co‐stimulation by CD40/CD154, CD137/CD137L, CD134/CD252, CD27/CD70 and others further enhances or modulates T‐cell activation and differentiation.[2](#imm12884-bib-0002){ref-type="ref"} The key role of the TNF/TNFR SF has led to the development of agonistic and antagonistic antibodies, fusion proteins or multimers, which are currently tested in cancer immunotherapy, autoimmune diseases and vaccinations.[3](#imm12884-bib-0003){ref-type="ref"}

CD27, which is expressed on naive and long‐lived central memory T cells, complements CD28‐mediated T‐cell activation[4](#imm12884-bib-0004){ref-type="ref"} by counteracting apoptosis,[5](#imm12884-bib-0005){ref-type="ref"}, [6](#imm12884-bib-0006){ref-type="ref"}, [7](#imm12884-bib-0007){ref-type="ref"} promoting aerobic glycolysis[7](#imm12884-bib-0007){ref-type="ref"} and inducing expression of dendritic cell (DC) ‐targeting chemokines such as CXCL10 and XCL1.[8](#imm12884-bib-0008){ref-type="ref"} Furthermore, CD27 signalling promotes T helper type 1 responses[9](#imm12884-bib-0009){ref-type="ref"}, [10](#imm12884-bib-0010){ref-type="ref"} and is important, albeit not essential, for memory differentiation of CD8 T cells.[11](#imm12884-bib-0011){ref-type="ref"}, [12](#imm12884-bib-0012){ref-type="ref"}, [13](#imm12884-bib-0013){ref-type="ref"} The requirement for CD27/CD70 co‐stimulation seems to be dependent on the viral properties. CD27 signalling is required for the priming of effector cytotoxic T lymphocytes after infection of mice with influenza virus,[11](#imm12884-bib-0011){ref-type="ref"} vaccinia virus (VV) and vesicular stomatitis virus;[14](#imm12884-bib-0014){ref-type="ref"} the CD27 signal is dispensable, however, for the generation of primary lymphocytic choriomeningitis virus‐specific T‐cell responses.[14](#imm12884-bib-0014){ref-type="ref"}, [15](#imm12884-bib-0015){ref-type="ref"} The discrepancy might be partly explained by the differential capacity of the viruses to induce CD70 expression[13](#imm12884-bib-0013){ref-type="ref"}, [14](#imm12884-bib-0014){ref-type="ref"} because, apart from its constitutive expression in the thymus, CD70 expression is induced on antigen‐presenting cells (APCs) such as DCs and B cells only after activation.[16](#imm12884-bib-0016){ref-type="ref"}, [17](#imm12884-bib-0017){ref-type="ref"}, [18](#imm12884-bib-0018){ref-type="ref"} CD40 and/or Toll‐like receptor stimulation for instance lead to CD70 expression on DCs,[19](#imm12884-bib-0019){ref-type="ref"}, [20](#imm12884-bib-0020){ref-type="ref"}, [21](#imm12884-bib-0021){ref-type="ref"} thereby enabling CD8 T‐cell responses, which, to a certain extent, can be CD4 T‐cell help independent.[19](#imm12884-bib-0019){ref-type="ref"}, [22](#imm12884-bib-0022){ref-type="ref"} The necessity for a tight control of CD70 expression has been shown by the loss of B cells and antibody responses upon continuous CD27 activation.[23](#imm12884-bib-0023){ref-type="ref"}, [24](#imm12884-bib-0024){ref-type="ref"} CD70 overexpressing B cells, on the other hand, augmented the generation of effector CD8 T cells in response to influenza virus infection and tumour challenge.[25](#imm12884-bib-0025){ref-type="ref"}

The need to efficiently generate T‐cell responses by prophylactic vaccination against pathogens such as human immunodeficiency virus (HIV) and *Plasmodium falciparum* along with therapeutic vaccines against chronic infections and cancer, led to the development of recombinant viral vectors based on adenovirus, herpes simplex virus, vesicular stomatitis virus, avipoxvirus, poxvirus and many others.[26](#imm12884-bib-0026){ref-type="ref"} The prominent role of CD70 for the generation of T‐cell responses and the described differences of viruses to induce CD70 up‐regulation on DCs necessitate the characterization of CD27/CD70 co‐stimulation for potential vaccine candidates based on viral vectors. A vector with a proven track record of inducing or boosting strong T‐cell and antibody responses in combination with a very favourable safety profile is MVA‐BN^®^.[27](#imm12884-bib-0027){ref-type="ref"}, [28](#imm12884-bib-0028){ref-type="ref"}, [29](#imm12884-bib-0029){ref-type="ref"}, [30](#imm12884-bib-0030){ref-type="ref"} MVA‐BN^®^, approved as a smallpox vaccine in the European Union (IMVANEX^®^) and Canada (IMVAMUNE^®^), can accommodate large transgene inserts encoding for pathogen‐ or cancer‐derived antigens. MVA recombinants are currently tested in multiple preclinical and clinical trials covering infectious diseases as diverse as malaria,[31](#imm12884-bib-0031){ref-type="ref"} ebola virus disease,[29](#imm12884-bib-0029){ref-type="ref"}, [30](#imm12884-bib-0030){ref-type="ref"} respiratory syncytial virus infections (NCT02873286) and HIV/AIDS[32](#imm12884-bib-0032){ref-type="ref"} and also in various cancer indications (NCT02179515, NCT02840994).

While VV‐induced primary and secondary CD8 T‐cell responses were described as CD27‐dependent,[14](#imm12884-bib-0014){ref-type="ref"}, [22](#imm12884-bib-0022){ref-type="ref"} no such information is available about its non‐replicating relative MVA. Furthermore, the engagement of CD70 and CD134 upon VV infection was described as being dependent on the virulence of the VV strain.[33](#imm12884-bib-0033){ref-type="ref"} With the variable requirement for CD27 co‐stimulation and the advanced stage of MVA‐based vaccine development, we sought to assess the influence of CD70‐mediated co‐stimulation during MVA immunization. We therefore analysed CD8 T‐cell responses primed in the absence of CD70‐signalling or under enforced CD70 stimulation by MVA‐encoded CD70. The MVA‐induced CD8 T‐cell responses are dependent on CD70 co‐stimulation. Recombinant MVA (rMVA) ‐CD70 was not only able to induce stronger CD8 T‐cell responses than non‐CD70‐adjuvanted MVA in wild‐type mice but also compensated for CD4 T‐cell help in a lethal virus infection model. These data provide a framework for the clinical development of vaccines especially for individuals with immune deficiencies, such as elderly or chronically infected people, who are less responsive to standard vaccines.

Materials and methods {#imm12884-sec-0002}
=====================

Ethics statement {#imm12884-sec-0003}
----------------

All animal experiments were approved by the animal ethics committee of the government of Upper Bavaria (Regierung von Oberbayern, Sachgebiet 54, Tierschutz) and were carried out in accordance with the approved guidelines for animal experiments at Bavarian Nordic GmbH (Martinsried, Germany).

Mice {#imm12884-sec-0005}
----

Mice were bred and maintained either in the animal facilities at Bavarian Nordic GmbH or at the University of Zurich according to institutional guidelines. C57BL/6J (H‐2b) mice were purchased from Janvier Labs (Le Genest‐Saint‐Isle, France). MHC class II deficient mice (MHC II^−/−^) were on a C57BL/6 background and were obtained from the animal facility of the University Zurich.

Generation of MVA‐BN recombinants {#imm12884-sec-0006}
---------------------------------

All recombinant virus vectors used for this study were based on a cloned version of MVA‐BN^®^ in a bacterial artificial chromosome. MVA‐BN^®^ was developed by Bavarian Nordic and is deposited at the European Collection of Cell Cultures (ECACC) (V00083008). The generation of the MVA recombinants MVA‐ovalbumin (OVA) and MVA‐OVA‐CD70 was carried out as described recently.[34](#imm12884-bib-0034){ref-type="ref"}, [35](#imm12884-bib-0035){ref-type="ref"} The pS promoter was cloned upstream of the open reading frame for chicken OVA. The pHyb promoter was developed and described by Baur et al.[34](#imm12884-bib-0034){ref-type="ref"} and cloned upstream of the open reading for murine CD70. Infectious viruses were reconstituted from bacterial artificial chromosomes by transfecting bacterial artificial chromosome DNA into BHK‐21 cells and superinfecting them with Shope fibroma virus as a helper virus. After three additional passages on primary chicken embryo fibroblasts, helper‐virus free MVA‐OVA and MVA‐OVA‐CD70 viruses were obtained. All viruses used in animal experiments were purified twice through a sucrose cushion.

Immunization of mice {#imm12884-sec-0007}
--------------------

Intravenous (i.v.) injections were given into a lateral tail vein with a total volume of 200 μl containing 5 × 10^7^ 50% tissue culture infective dose (TCID~50~) of the respective MVA recombinants. Where noted, anti‐CD70 antibody (clone FR70, Bio X Cell) was injected i.v. at the indicated doses and time‐points. No differences were observed between the different FR70 doses used. For *in vivo* activation of splenic APC, 100 μg poly(I:C) (pIC, high molecular weight, Thermo Fisher Scientific, Waltham, MA) + 50 μg anti‐CD40 (clone FGK4.5, Bio X Cell, West Lebanon, NH) were injected i.v. For ectromelia virus (ECTV, strain Moscow) infection, MHC II^−/−^ mice were anaesthetized with ketamine/xylamine and virus (1 × 10^5^ TCID~50~) was applied by intranasal drop‐wise installation in a total volume of 50 μl. The health status of infected mice was monitored twice daily.

Flow cytometry {#imm12884-sec-0008}
--------------

Mononuclear cell suspensions were stained with appropriate dilutions of the following monoclonal antibodies: CD8*α*‐PacificBlue, CD8*α*‐BrilliantViolet 711, CD8*α*‐BrilliantViolet 785, CD11c‐BrilliantViolet 605, CD11b‐BrilliantViolet 421, CD317‐BrilliantViolet 650, CD8*α*‐BrilliantViolet 421, CD40‐Phycoerythrin (PE)‐Cy7, CD45.2‐FITC, CD45.2‐BrilliantViolet 711, CD90.2‐PE‐Cy7 (BioLegend, San Diego, CA), CD3‐Peridinin chlorophyll protein (PerCP)‐eFluor710, CD4‐AlexaFluor700, CD44‐PerCP‐Cy5.5, CD44‐allophycocyanin‐eFluor780, CD62L‐PerCP‐Cy5.5, CD11b‐eFluor 450, CD127‐PE‐Cy7, CD127‐PE, CD45R‐allophycocyanin‐eFluor780, CD62L‐PE‐Cy7, CD62L‐PerCP‐eFluor710, CD335‐PerCP‐Cy5.5, CD335‐PerCP‐eFluor710, CD70‐PE, CD86‐FITC, interleukin‐2 (IL‐2) ‐allophycocyanin, interferon‐*γ* (IFN‐*γ*) ‐PE‐Cy7 (Thermo Fisher Scientific, Waltham, MA), and CD4‐allophycocyanin‐H7, CD44‐FITC, CD86‐FITC, CD172a‐allophycocyanin, TNF‐*α*‐PE (BD Biosciences, San Jose, CA).

Allophycocyanin‐conjugated MHC class I H‐2Kb dextramers loaded with B8~20‐27~‐peptide (TSYKFESV) or PE‐conjugated MHC class I H‐2Kb dextramers loaded with OVA~257--264~‐peptide (SIINFEKL) were used according to the manufacturer\'s instructions (Immudex, Copenhagen, Denmark). For intracellular cytokine staining, cells were incubated with 2·5 μg/ml of MHC class I restricted peptides (B8~20‐27~, OVA~257--264~) for 5--6 hr at 37° in complete RPMI‐1640 in the presence of 1 μl/ml GolgiPlug (BD Biosciences) or 10 μg/ml brefeldin A (Merck KGaA, Darmstadt, Germany). Peptides were purchased from GenScript (Piscataway, NJ) at \> 90% purity. Intracellular staining of IFN‐*γ*, TNF‐*α* and IL‐2 was performed after fixation/permeabilization according to the manufacturer\'s instructions (BD Cytofix/Cytoperm, BD Biosciences). For live/dead discrimination cells were stained before fixation according to the manufacturer\'s instructions (LIVE/DEAD fixable violet or aqua dead cell staining kit, Thermo Fisher Scientific).

Intravascular staining was performed according to the protocol developed by Anderson et al.[36](#imm12884-bib-0036){ref-type="ref"} by injecting 3 μg of anti‐CD45.2‐FITC i.v. 3 min before organ harvest.

All cells were acquired using a digital flow cytometer (LSR II, BD Biosciences) and data were analysed with [flowjo]{.smallcaps} software (Tree Star, Ashland, OR).

Enzyme‐linked immunosorbent assay {#imm12884-sec-0009}
---------------------------------

MVA‐specific serum IgG titres were measured on day 21 after MVA immunization by direct ELISA as described previously.[37](#imm12884-bib-0037){ref-type="ref"} Briefly, 96‐well plates were coated overnight with MVA‐infected cell lysate. Test sera were titrated in duplicate using twofold serial dilutions starting at 1 : 100. As detection antibody a sheep anti‐mouse IgG‐horseradish peroxidase (Bio‐Rad, Kidlington, OX5 1GE, UK) was used. Plates were washed and developed using 3,3′,5,5′‐tetramethylbenzidine at room temperature in the dark, the reaction was stopped after 30 min using H~2~SO~4~ and read out at 450 nm (TECAN Sunrise ELISA plate reader).

Statistical analysis {#imm12884-sec-0010}
--------------------

Graphs were generated in [graphpad prism]{.smallcaps} (Version 7.02, GraphPad Software, Inc., San Diego, CA). Statistical significance was calculated using an unpaired, two‐tailed Student\'s *t*‐test. *P*‐values of ˂ 0·05 were considered statistically significant and *P*‐values of ˂ 0·005 were considered highly statistically significant.

Results {#imm12884-sec-0011}
=======

MVA induces CD70 expression on DCs {#imm12884-sec-0012}
----------------------------------

Initially, we investigated CD86 and CD70 expression on APCs in the spleen after i.v. MVA immunization. Spleen cells were analysed by multi‐colour flow cytometry (Fig. [1](#imm12884-fig-0001){ref-type="fig"}a) after injection of combined pIC + anti‐CD40 or MVA. As described before,[20](#imm12884-bib-0020){ref-type="ref"} combined pIC + anti‐CD40 treatment lead to strong activation of conventional DCs (cDCs) as indicated by the expression of CD86 and CD70 (Fig. [1](#imm12884-fig-0001){ref-type="fig"}b). Besides cDCs, plasmacytoid DCs (pDCs) and B cells were activated by pIC + anti‐CD40. MVA immunization increased the expression of both activation markers on cDCs but to a lesser extent than pIC + anti‐CD40. Expression of CD86 and CD70 was highest on CD8^+^ cDCs for both stimuli. Expression of CD70 on CD8^+^ cDCs, the principal APC for CD8 T‐cell priming, indicates a role for this co‐stimulatory molecule for MVA‐induced immune responses.

![Up‐regulation of CD86 and CD70 on splenic antigen‐presenting cells (APCs) after modified vaccinia virus Ankara (MVA) immunization. C57BL/6 mice were immunized intravenously (i.v.) with 5 × 10^7^ TCID ~50~ modified vaccinia virus Ankara--Bavarian Nordic^®^ (MVA‐BN ^®^) or pIC + anti‐CD40. Expression of CD86 and CD70 on splenic APC subsets was analysed after 41 hr by 11‐colour flow cytometry. Cells were gated as shown in the exemplary dot plots (a) and were defined as follows: plasmacytoid dendritic cells (live CD90.2^−^ CD335^−^ CD45R^+^ CD317^+^), B cells (live CD90.2^−^ CD335^−^ CD45R^+^ CD317^−^), conventional dendritic cells (live CD90.2^−^ CD335^−^ CD45R^−^ CD317^−^ CD11c^+^), CD8^+^ conventional dendritic cells (live CD90.2^−^ CD335^−^ CD45R^−^ CD317^−^ CD11c^+^ CD172a^−^ CD8α^+^), CD8^−^ conventional dendritic cells (live CD90.2^−^ CD335^−^ CD45R^−^ CD317^−^ CD11c^+^ CD172a^+^ CD8α^−^), CD11c^−^ CD11b^+^ ((live CD90.2^−^ CD335^−^ CD45R^−^ CD317^−^ CD11c^−^ CD11b^+^) and CD11c^−^ CD11b^−^ (live CD90.2^−^ CD335^−^ CD45R^−^ CD317^−^ CD11c^−^ CD11b^−^). (b) Bar graphs show the mean fluorescence intensity (MFI) ± SEM of CD86 and the relative (r)MFI of CD70 of three mice per group. The rMFI was calculated by subtracting the MFI of the fluorescence‐minus‐one control from the MFI of stained samples. Data are representative of three independent experiments for MVA‐BN ^®^ and one for pIC + anti‐CD40.](IMM-154-285-g001){#imm12884-fig-0001}

CD70 blockade reduces the formation of MVA‐specific CD8 T‐cell responses but not of antibody responses {#imm12884-sec-0013}
------------------------------------------------------------------------------------------------------

Given the prominent role of CD70 for the induction of CD8 T‐cell responses in the course of viral infections, especially after VV infections,[14](#imm12884-bib-0014){ref-type="ref"} we wanted to examine whether MVA‐induced adaptive immune responses are dependent on CD70 co‐stimulation. To inhibit CD70 stimulation, mice were treated with the CD70‐blocking antibody FR70. In contrast to CD70‐deficient mice, this allowed us to specifically block CD70‐signalling only during the priming phase. B8~20‐27~ is the dominant epitope of MVA in H‐2Kb mice[38](#imm12884-bib-0038){ref-type="ref"} and therefore served as the read‐out for MVA‐specific CD8 T‐cell responses (Fig. [2](#imm12884-fig-0002){ref-type="fig"}a). MVA immunization of control mice resulted in a strong expansion of B8‐specific CD8 T cells (Fig. [2](#imm12884-fig-0002){ref-type="fig"}b) and the formation of CD127^high^ memory T cells (Fig. [2](#imm12884-fig-0002){ref-type="fig"}c). At the peak of the response, the percentage of B8‐specific T cells in FR70‐treated animals was significantly lower than in untreated animals (Fig. [2](#imm12884-fig-0002){ref-type="fig"}b). After contraction, frequencies were similar in both groups. Furthermore, B8‐specific T cells expressed significantly less CD127 when induced in the absence of CD70 signalling (Fig. [2](#imm12884-fig-0002){ref-type="fig"}c). CD70 blockade during priming resulted in lower absolute numbers of B8‐specific memory CD8 T cells in the spleen on day 84 (Fig. [2](#imm12884-fig-0002){ref-type="fig"}d). Segregating B8‐specific CD8 T cells into effector (T~eff~ CD62L^−^ CD127^−^), effector‐memory (T~EM~ CD62L^−^ CD127^+^), and central‐memory (T~CM~ CD62L^+^ CD127^+^) T cells revealed a defect in the formation of T~CM~ cells when the priming occurred in the absence of CD70 co‐stimulation (Fig. [2](#imm12884-fig-0002){ref-type="fig"}e). Despite the negative impact of CD70‐blockade on the CD8 T‐cell response, no changes in MVA‐specific antibody titres were observed compared with untreated mice (Fig. [2](#imm12884-fig-0002){ref-type="fig"}f).

![Blockade of CD70 reduces primary expansion of CD8 T cells but not antibody responses after modified vaccinia virus Ankara (MVA) immunization. C57BL/6 mice were immunized intravenously with 5 × 10^7^ TCID ~50~ recombinant rMVA (rMVA) alone or in combination with 300 μg anti‐CD70 (FR70) intraperitoneally on days 0, 4 and 7. Peripheral blood lymphocytes were gated on CD4^−^ CD8^+^ CD44^+^ B8~20‐27~‐dextramer^+^ T cells and further analysed for CD62L and CD127 expression (a). The frequency of B8‐specific CD8 T cells over time is shown in (b). CD127 expression on B8~20‐27~‐specific CD8 T cells is shown as geometric mean fluorescence intensity (GMFI) (c). The total number (d) and memory phenotype (e) of splenic B8~20‐27~‐specific CD8 T cells was determined on day 84. MVA‐specific IgG titres in the serum on day 21 were determined by ELISA (f). Results are shown as mean ± SEM from four mice per group. Data are representative of at least two independent experiments. \*\**P* \< 0·005.](IMM-154-285-g002){#imm12884-fig-0002}

MVA‐encoded CD70 reveals target cell population of splenic APCs after i.v. immunization {#imm12884-sec-0014}
---------------------------------------------------------------------------------------

Having seen that CD70 co‐stimulation influences the formation of primary and memory T cells after a single MVA immunization, we wondered to what extent the secondary cytotoxic T‐lymphocyte response is influenced by CD27/CD70 signalling. The lack of CD70 co‐stimulation was shown to reduce secondary expansion of VV‐primed and *Listeria monocytogenes*‐boosted CD8 T cells.[22](#imm12884-bib-0022){ref-type="ref"} Furthermore, we hypothesized that the MVA‐induced CD8 T‐cell response might benefit from enhanced CD70 co‐stimulation, because CD70 expression on DCs was only moderate after MVA immunization compared with pIC + anti‐CD40 treatment (Fig. [1](#imm12884-fig-0001){ref-type="fig"}). To test this hypothesis, we followed the approach we already took for additional CD40L co‐stimulation, namely the insertion of the coding sequence of CD70 into the MVA genome.[35](#imm12884-bib-0035){ref-type="ref"} The new construct also encodes chicken egg OVA, was designated MVA‐OVA‐CD70 and is referred to as rMVA‐CD70 from hereon.

*Ex vivo* analysis revealed enhanced expression of CD70 on the surface of all analysed APC subsets 6 hr after i.v. rMVA‐CD70 compared with rMVA immunization (Fig. [3](#imm12884-fig-0003){ref-type="fig"}). The highest relative mean fluorescence intensity was observed on cDCs, with no difference between CD8^+^ and CD8^−^ cDCs. After 24 hr, enhanced CD70 expression was mainly restricted to CD8^+^ cDCs. At this time‐point, CD70 levels were similar in rMVA‐ and rMVA‐CD70‐immunized mice. After 48 hr, CD70 expression was still slightly higher on cDCs and macrophages (CD11c^−^ CD11b^+^) of rMVA‐ and rMVA‐CD70‐immunized compared with naive mice. No differences were observed with regard to CD86 and CD40 up‐regulation after i.v. immunization; both vectors similarly activated all splenic APC subsets and especially CD8^+^ cDCs. The enhanced expression of CD70 after 6 hr indicates that all splenic APC subsets become infected by MVA upon i.v. injection but that cDCs are the main target population.

![Conventional dendritic cells (cDCs) are the main target for intravenously (i.v.) injected modified vaccinia virus Ankara (MVA). C57BL/6 mice were immunized i.v. with 5 × 10^7^ TCID ~50~ recombinant MVA (rMVA) or rMVA‐CD70. Naive mice served as control. Splenic antigen‐presenting cell (APC) subsets were analysed after 6, 24 and 48 hr by 12‐colour flow cytometry as shown in Fig. [1](#imm12884-fig-0001){ref-type="fig"}(a). Bar graphs show the mean fluorescence intensity (MFI) ± SEM of CD86 and CD40 and the relative MFI (rMFI) for CD70. The rMFI was calculated by subtracting the MFI of the fluorescence‐minus‐one control from the MFI of stained samples. Data are from three mice per group and time point.](IMM-154-285-g003){#imm12884-fig-0003}

Additional CD70 co‐stimulation enhances MVA‐induced CD8 T‐cell response {#imm12884-sec-0015}
-----------------------------------------------------------------------

Next, we analysed vector‐specific (B8~20‐27~) and transgene‐specific (OVA~257--264~) CD8 T‐cell responses. As before, FR70 treatment during the priming with rMVA reduced the primary expansion of B8‐specific CD8 T cells (Fig. [4](#imm12884-fig-0004){ref-type="fig"}a). Blocking CD70 also during the boost resulted in significantly reduced secondary effector cells compared with CD70‐sufficient conditions (Fig. [4](#imm12884-fig-0004){ref-type="fig"}a). Immunization with rMVA‐CD70 in contrast, induced stronger primary and secondary expansion of B8‐specific CD8 T cells compared with rMVA immunization (Fig. [4](#imm12884-fig-0004){ref-type="fig"}a). T‐cell frequencies before the boost were similar in all three groups. The stronger expansion resulted in higher frequencies (Fig. [4](#imm12884-fig-0004){ref-type="fig"}c) and numbers (Fig. [4](#imm12884-fig-0004){ref-type="fig"}d) of splenic B8‐specific memory cells more than 3 months after the first immunization. Monitoring OVA‐specific CD8 T cells revealed a similar trend, with reduced frequencies when CD70 co‐stimulation was blocked and higher responses when additional CD70 was provided by rMVA‐CD70 (Fig. [4](#imm12884-fig-0004){ref-type="fig"}b). The differences were lower than for B8 and statistically not significant. The absolute number of splenic OVA‐specific memory cells, however, was significantly higher after rMVA‐CD70 and significantly lower after rMVA + FR70 compared with rMVA immunization (Fig. [4](#imm12884-fig-0004){ref-type="fig"}e).

![Modified vaccinia virus Ankara (MVA) ‐encoded CD70 enhances primary and secondary CD8 T‐cell responses. C57BL/6 mice were immunized intravenously with 5 × 10^7^ TCID ~50~ recombinant MVA (rMVA), rMVA‐CD70 or rMVA + 200 μg anti‐CD70 (FR70) on days 0 and 35. Mice were bled at the indicated time‐points and the frequency of B8~20‐27~‐specific (a) and ovalbumin~257--264~ (OVA~257--264~)‐specific (b) CD8 T cells was assessed by flow cytometric analysis. The mean frequency of CD8^+^ CD44^high^ dextramer^+^ cells among peripheral blood lymphocytes (PBL) is shown. Unpaired *t*‐tests were performed between rMVA and rMVA + FR70 (black asterisks) and rMVA and rMVA‐CD70 (red asterisks). B8~20‐27~‐specific and OVA ~257--264~‐specific CD8 T cells were analysed on day 108 in the spleen as shown by representative dot plots of CD4^−^ CD8^+^ T cells (c). Numbers indicate mean percentage of dextramer^+^/CD8 ± SEM. The absolute number of B8~20‐27~‐specific (d) and OVA ~257‐264~‐specific (e) CD8 T cells was calculated by multiplying the absolute cell count with the respective frequency. Results are shown as mean ± SEM from five mice per group. Please note that for a better comparison data for rMVA are derived from the same experiment as shown in Fig. [6](#imm12884-fig-0006){ref-type="fig"} from our previous study with rMVA‐CD40L.[35](#imm12884-bib-0035){ref-type="ref"} Data were confirmed in two independent experiments. \**P* \< 0·05; \*\**P* \< 0·005.](IMM-154-285-g004){#imm12884-fig-0004}

Enhanced secondary expansion in the absence of CD4 T‐cell help {#imm12884-sec-0016}
--------------------------------------------------------------

Depending on the nature of the stimulus, dose and route of infection, CD8 T‐cell responses are more or less dependent on CD4 T‐cell help.[39](#imm12884-bib-0039){ref-type="ref"}, [40](#imm12884-bib-0040){ref-type="ref"}, [41](#imm12884-bib-0041){ref-type="ref"}, [42](#imm12884-bib-0042){ref-type="ref"}, [43](#imm12884-bib-0043){ref-type="ref"} For replicating VV CD4 T‐cell‐help‐dependent[44](#imm12884-bib-0044){ref-type="ref"}, [45](#imm12884-bib-0045){ref-type="ref"}, [46](#imm12884-bib-0046){ref-type="ref"} and ‐independent[47](#imm12884-bib-0047){ref-type="ref"}, [48](#imm12884-bib-0048){ref-type="ref"} CD8 T‐cell responses have been described. CD4 T‐cell depletion affected primary CD8 T‐cell responses upon intradermal MVA immunization.[49](#imm12884-bib-0049){ref-type="ref"} T‐cell help can be mediated via CD27--CD70 signalling between DCs and CD8 T cells.[22](#imm12884-bib-0022){ref-type="ref"}, [50](#imm12884-bib-0050){ref-type="ref"} In this scenario, activated CD4 T cells induce up‐regulation of CD70 on DCs through CD40/CD40L signalling. CD70 co‐stimulation ensures proper formation of expandable memory CD8 T cells. So far, our experiments confirmed this model---reduced memory T‐cell responses after MVA immunization in the absence of CD70 co‐stimulation and enhanced memory T‐cell responses with supplementary CD70 co‐stimulation. In the case of rMVA‐CD70, CD70 is expressed in transduced APCs independently of CD4 T‐cell help as it is encoded in the vector. Therefore, we speculated that the memory CD8 T‐cell response generated under 'helpless' conditions might be rescued by the CD4‐independent expression of CD70. Hence, we immunized wild‐type and MHC class II‐deficient mice with rMVA or rMVA‐CD70. To measure secondary expansion, we determined the frequency of B8‐specific CD8 T cells in the blood before and 6 days after the second immunization. As before, rMVA‐CD70 immunization of CD4‐sufficient animals resulted in a stronger expansion and in consequence higher frequencies of B8‐specific CD8 T cells compared with rMVA immunization (Fig. [5](#imm12884-fig-0005){ref-type="fig"}a). The same outcome could be observed in CD4‐deficient MHC II^−/−^ mice (Fig. [5](#imm12884-fig-0005){ref-type="fig"}b). This indicates that memory CD8 T cells generated by i.v. rMVA immunization in the absence of CD4 T‐cell help do not have a defect in secondary expansion. Furthermore, vaccine‐encoded CD70 can enhance secondary CD8 T‐cell responses irrespective of the presence of CD4 T cells.

![Secondary expansion of modified vaccinia virus Ankara (MVA) ‐induced memory CD8 T cells is CD4 T‐cell help independent. C57BL/6 (wild‐type; wt) and MHC II ^−/−^ (knockout; ko) mice were immunized intravenously with 5 × 10^7^ TCID ~50~ recombinant MVA (rMVA) or rMVA‐CD70 on days 0 and 28 or days 0 and 35. Mice were bled before and 6 days after the second immunization. The frequency of B8~20‐27~‐specific CD8^+^ CD44^+^ T cells in the blood is shown before and after immunization for wt (a) and ko (b) mice. The data are compiled from two independent experiments with seven or eight mice/group. Data are shown as the mean ± SEM.](IMM-154-285-g005){#imm12884-fig-0005}

CD70 blockade results in fewer CD8 T cells in the lung {#imm12884-sec-0017}
------------------------------------------------------

Having seen stronger systemic CD8 T‐cell responses after rMVA‐CD70 immunization in wild‐type and MHC II^−/−^ mice, we wondered if the additional CD70 co‐stimulation resulted in changes to the CD8 T‐cell compartment also in non‐lymphoid organs. Peperzak et al. reported that CD27‐dependent autocrine IL‐2 production sustains the survival of CD8 T cells in non‐lymphoid tissues, such as the lung.[51](#imm12884-bib-0051){ref-type="ref"} Autocrine IL‐2 production by CD8 T cells becomes especially important in the absence of CD4 T cells. Therefore, MHC II^−/−^ mice were immunized with rMVA, rMVA‐CD70 or rMVA + FR70. Four weeks after the second immunization, B8‐specific CD8 T cells in the lung were enumerated after peptide re‐stimulation and IFN‐*γ* staining (Fig. [6](#imm12884-fig-0006){ref-type="fig"}a). Similar numbers of IFN‐*γ* ^+^ CD8 T cells were found in the lung after rMVA and rMVA‐CD70 immunization, but significantly fewer cells were found after rMVA + FR70 immunization (Fig. [6](#imm12884-fig-0006){ref-type="fig"}b). In line with the findings by Peperzak et al.,[51](#imm12884-bib-0051){ref-type="ref"} B8‐specific IFN‐*γ* ^+^ cells primed in the absence of CD70 signalling produced less IL‐2 on a per cell basis (Fig. [6](#imm12884-fig-0006){ref-type="fig"}c).

![Reduced memory CD8 T cells in lungs of MHC II ^−/−^ mice immunized in the absence of CD70 co‐stimulation. MHC II ^−/−^ mice were immunized intravenously with 5 × 10^7^ TCID ~50~ recombinant modified vaccinia virus Ankara (rMVA), rMVA‐CD70 or rMVA + 200 μg anti‐CD70 (FR70) on days 0 and 28. (a) Memory CD8 T cells specific for B8~20‐27~ in the lung were enumerated after peptide re‐stimulation and intracellular interferon‐*γ* (IFN‐*γ*) and interleukin‐2 (IL‐2) staining. The number of CD8^+^ CD44^+^ IFN‐*γ* ^+^ cells per lung is shown in (b). The geometric mean fluorescence intensity (GMFI) of IL‐2 is shown for IFN‐*γ* ^+^ cells (c). The data are compiled from two independent experiments with seven mice/group. The mean ± SEM are shown. Intravascular staining was performed by intravenous injection of 3 μg anti‐CD45.2‐FITC. Mice were killed after 3 min. CD4^−^ CD8^+^ CD44^+^ B8~20‐27~‐dextramer^+^ cells were defined as tissue‐resident cells (CD45.2‐FITC ^−^) and vascular cells (CD45.2‐FITC ^+^) as shown in the dot plots (d). The absolute number of B8~20‐27~‐specific CD8 T cells in lung, lung vasculature and lung tissue is shown in (e). Mean ± SEM from three mice/group are shown. \**P* \< 0·05.](IMM-154-285-g006){#imm12884-fig-0006}

To investigate whether enhanced CD70 co‐stimulation has an effect on the formation of tissue‐resident memory T cells, we performed an intravascular staining before organ harvest as developed by Anderson et al.[36](#imm12884-bib-0036){ref-type="ref"} This method allows the discrimination of T cells that are in the pulmonary vasculature and those that are in the lung tissue (Fig. [6](#imm12884-fig-0006){ref-type="fig"}d). Similar to the whole lung preparation, no significant differences in tissue‐resident memory CD8 T cells were observed after rMVA and rMVA‐CD70 immunization (Fig. [6](#imm12884-fig-0006){ref-type="fig"}e).

Protection against ECTV challenge by 'helpless' CD8 T cells primed by rMVA‐CD70 {#imm12884-sec-0018}
-------------------------------------------------------------------------------

CD4 T‐cell‐deficient mice have reduced capacities to clear viral infections because of less efficient CD8 T‐cell responses.[52](#imm12884-bib-0052){ref-type="ref"}, [53](#imm12884-bib-0053){ref-type="ref"} Vaccine‐induced protection against ECTV is conferred by antibodies, and MHC II^−/−^ mice primed with an attenuated ECTV are not protected against a virulent secondary infection.[54](#imm12884-bib-0054){ref-type="ref"} Therefore, we sought to analyse the protective capacity of 'helpless' CD8 T cells generated under conditions of physiological, enhanced or absent CD70 co‐stimulation. First, we analysed the presence of CD8 T cells in spleen and lung of ECTV‐challenged MHC II^−/−^ mice that were immunized before with rMVA, rMVA‐CD70 or rMVA + FR70. Six days after ECTV challenge, the number of B8‐specific CD8 T cells was highest in mice immunized with rMVA‐CD70 (Fig. [7](#imm12884-fig-0007){ref-type="fig"}a and b). Despite the reduced autocrine IL‐2 production by CD8 T cells primed in the absence of CD70 signalling, similar numbers of B8‐specific CD8 T cells were found in spleen (Fig. [7](#imm12884-fig-0007){ref-type="fig"}a) and lung (Fig. [7](#imm12884-fig-0007){ref-type="fig"}b) of rMVA and rMVA + FR70 immunized mice. These data indicate that rMVA‐CD70 immunization confers memory CD8 T cells with stronger proliferation capacities upon antigen re‐encounter. Therefore, we wondered whether the differential CD8 T‐cell responsiveness to an ECTV challenge also translates into different survival rates. MHC II^−/−^ mice immunized as above were challenged with a highly lethal dose of ECTV (1 × 10^5^ TCID~50~) and monitored for disease symptoms and survival. Mice immunized in the absence of CD70 signalling succumbed within \~10 days (Fig. [7](#imm12884-fig-0007){ref-type="fig"}c). The rMVA immunized mice developed typical symptoms of mousepox with swollen feet and skin lesions on tail and nose, and had to be euthanized for ethical reasons. Of note, none of the rMVA‐CD70‐immunized animals developed symptoms of mousepox or died during the observation period of more than 60 days (Fig. [7](#imm12884-fig-0007){ref-type="fig"}c). To check whether the virus had been completely eliminated or whether it was controlled by the immune system, CD8 T cells were depleted in the surviving mice 60--70 days after ECTV challenge. All mice remained healthy and did not develop any symptoms of virus recurrence (data not shown), which indicates that CD8 T cells primed in the absence of CD4 helper T cells by rMVA‐CD70 were able to protect mice against a lethal challenge with ECTV. Notably, MHC II^−/−^ mice immunized with rMVA‐CD40L were not protected against an ECTV challenge (data not shown), although rMVA‐CD40L is able to protect antibody‐deficient mice.[35](#imm12884-bib-0035){ref-type="ref"}

![Recombinant modified vaccinia virus Ankara (rMVA) ‐CD70 confers protection against a lethal virus infection in the absence of CD4 T cells. MHC II ^−/−^ mice were immunized intravenously with 5 × 10^7^ TCID ~50~ rMVA,rMVA‐CD70 or rMVA + 200 μg anti‐CD70 (FR70) on days 0 and 28. On day 56 after immunization, mice were infected intranasally with 1 × 10^5^ TCID ~50~ ectromelia virus (ECTV). The number of B8~20‐27~‐specific CD8^+^ CD44^+^ T cells in spleen (a) and lung (b) were enumerated on day 6 after infection by dextramer staining. The means of five mice/group ± SEM are shown (\*\**P* \< 0·005). MHC II ^−/−^ immunized as in (a) were infected with 1 × 10^5^ TCID ~50~ ECTV and monitored twice daily for the appearance of disease symptoms. Symptomatic mice were euthanized. The data are compiled from two independent experiments with *n* = 4 to *n* = 8 mice/group. The indicated *P*‐value was calculated by Mantel--Cox test.](IMM-154-285-g007){#imm12884-fig-0007}

Discussion {#imm12884-sec-0019}
==========

In the field of T‐cell vaccinology recombinant MVA occupies a special niche -- being a virus, vaccination with MVA can be considered an infectious challenge. Due to its replication deficiency in mammalian hosts, however, it can also be regarded as a subunit vaccine in which the subunit antigen is genetically encoded instead of being provided as protein. This balancing act can have manifold consequences on the mechanistic requirements for MVA‐induced T‐cell responses, as recently reviewed by Pennock et al.[55](#imm12884-bib-0055){ref-type="ref"} As pointed out in this and other reviews, the CD27/CD70 pathway of co‐stimulation has been shown in many vaccination, infection and cancer therapy settings to be crucial for the development, differentiation and maintenance of CD8 T‐cell responses[55](#imm12884-bib-0055){ref-type="ref"}, [56](#imm12884-bib-0056){ref-type="ref"}, [57](#imm12884-bib-0057){ref-type="ref"} and so has become a therapy target in humans.[58](#imm12884-bib-0058){ref-type="ref"} Therefore, we strived to decipher the role of CD70 co‐stimulation for MVA induced T‐cell responses.

In the case of experimental VV infections, CD27 was engaged after infection with strongly but not weakly replicating strains.[33](#imm12884-bib-0033){ref-type="ref"} This resulted in reduced CD8 T‐cell responses in CD27‐deficient mice only for the highly virulent Western Reserve strain.[14](#imm12884-bib-0014){ref-type="ref"}, [33](#imm12884-bib-0033){ref-type="ref"} Hence, CD27 (and CD134) engagement was linked to virulence.[33](#imm12884-bib-0033){ref-type="ref"} Surprisingly, we found reduced primary and secondary CD8 T‐cell responses to avirulent MVA when CD70 signalling was blocked. Based on our findings that i.v. injection of MVA induces strong systemic cytokine responses and DC activation[35](#imm12884-bib-0035){ref-type="ref"}, [59](#imm12884-bib-0059){ref-type="ref"} and induces stronger CD8 T‐cell responses than immunization via peripheral routes (see ref. [59](#imm12884-bib-0059){ref-type="ref"} and HL, unpublished observation), we speculate that systemic delivery of MVA renders it more immunogenic. This is in line with enhanced therapeutic anti‐tumour effects after i.v. injection not only of an MVA encoding MUC1[60](#imm12884-bib-0060){ref-type="ref"} but also of peptide + pIC and anti‐CD40 (TriVax).[61](#imm12884-bib-0061){ref-type="ref"}, [62](#imm12884-bib-0062){ref-type="ref"} The CD8 T‐cell‐enhancing effect of rMVA‐CD40L was also dependent on the i.v. route.[35](#imm12884-bib-0035){ref-type="ref"} Although CD70 expression on splenic DCs after MVA immunization was lower than after pIC + anti‐CD40 injection, our data clearly indicate that MVA‐based vaccines can exploit this co‐stimulatory pathway when delivered i.v. Following the argument of Salek‐Ardakani et al.,[33](#imm12884-bib-0033){ref-type="ref"} this would mean that virulence can be mimicked by i.v. injected non‐virulent vaccines such as MVA, peptides and even attenuated *Plasmodium falciparum* sporozoites.[63](#imm12884-bib-0063){ref-type="ref"}

The moderate expression of CD70 on splenic DCs after MVA immunization pointed out that there was room for improvement. To specifically address the potency of a higher CD70 expression, we designed the recombinant vector rMVA‐CD70. Confirming our hypothesis, higher CD8 T‐cell responses were induced by rMVA‐CD70 compared with rMVA. Still, the relative increase of B8‐specific and OVA‐specific CD8 T‐cell responses compared with rMVA immunization was less strong after rMVA‐CD70 than after rMVA‐CD40L immunization (see Fig. [4](#imm12884-fig-0004){ref-type="fig"} and ref. [35](#imm12884-bib-0035){ref-type="ref"}). Hence, the superior immunogenicity of rMVA‐CD40L cannot solely be explained by intensified CD27/CD70 co‐stimulation. The analysis of CD70 expression on splenic APCs after rMVA and rMVA‐CD70 immunization indicated that pDCs, B cells, cDCs, macrophages and CD11c^−^ CD11b^−^ cells become infected upon i.v. delivery of the virus. The cDCs, however, seem to be the main target for MVA -- a finding that requires further analysis but is supported by previous studies.[64](#imm12884-bib-0064){ref-type="ref"} The expression of virus encoded CD70 was short‐lived, as CD70 levels were similar 24 hr after rMVA and rMVA‐CD70 immunization. It should be noted, however, that endogenous CD70 and virus‐encoded CD70 have the same amino acid sequence and hence cannot be discriminated. Enhanced CD70 co‐stimulation did not influence expression of CD86 and CD40.

A pertinent question in the field of T‐cell vaccinology is the role of CD4 T‐cell help. Similar to the link between virulence and CD27 engagement,[33](#imm12884-bib-0033){ref-type="ref"} strong inflammatory signals compensated for the absence of CD4 T‐cell help by up‐regulating CD40L on DCs.[65](#imm12884-bib-0065){ref-type="ref"} A further 'help' signal induced by CD4 T cells is CD70 on DCs.[22](#imm12884-bib-0022){ref-type="ref"} If CD70/CD27 signals enable CD8 T cells to undergo secondary expansion, it was to be expected that rMVA‐CD70 immunization is able to induce helper‐independent memory CD8 T‐cell responses. To our surprise, even immunization with non‐CD70 adjuvanted MVA conferred CD8 T cells with the capacity for secondary expansion in the absence of CD4 T cells. Intensified CD70/CD27 signalling, however, was able to increase the expansion rate further. Besides the TNFSF members CD40L and CD70, type I interferons were implicated in the substitution of CD4 T‐cell help.[46](#imm12884-bib-0046){ref-type="ref"} Despite no changes in IFN‐*α* production upon MVA immunization with or without CD70‐blockade (data not shown), we saw decreased memory CD8 T cells in lungs of MHC II^−/−^ mice when CD70 was blocked. This indicates that CD70 signalling is a major contributor for priming of memory CD8 T cells in the absence of CD4 T‐cell help. The most prominent target gene of CD27 ligation on T cells is *Il2*.[51](#imm12884-bib-0051){ref-type="ref"} Therefore, we wondered whether CD70 co‐stimulation has an effect on autocrine IL‐2 production by helpless CD8 T cells in our system. Indeed, CD70 blockade during MVA priming reduced the capacity of memory CD8 T cells to produce IL‐2 in response to a peptide re‐stimulation. On a per‐cell basis, enforced CD70 stimulation did not further enhance IL‐2 production. However, MHC II^−/−^ mice immunized with rMVA‐CD70 responded with enhanced spleen and lung CD8 T‐cell responses to an intranasal ECTV challenge, while T‐cell numbers were similar in rMVA‐ and rMVA + FR70‐immunized mice. Hence, even memory CD8 T cells primed in the absence of CD4 T cells and CD70 co‐stimulation were able to re‐expand. These cells, however, were not able to protect mice against the lethal ECTV infection, demonstrating that under helpless conditions CD70 signalling becomes essential for the development of functional CD8 T cells. The physiological CD70 co‐stimulation after rMVA immunization conferred a partial protection in this model, whereas rMVA‐CD70 immunized MHC II^−/−^ mice were fully protected. Whether CD27 mediated up‐regulation of anti‐apoptotic Bcl2 or the Pim kinase pathway after priming[7](#imm12884-bib-0007){ref-type="ref"} can confer long‐term survival and/or functional benefits in memory CD8 T cells is not known. It would be intriguing to assess epigenetic changes in memory CD8 T cells primed in the absence of CD4 T‐cell help and varying CD70/CD27 co‐stimulation. In line with the recent transcriptome analysis of helped versus un‐helped cytotoxic T lymphocytes,[50](#imm12884-bib-0050){ref-type="ref"} the main potency of rMVA‐CD70 seems not to be in increasing the magnitude of the memory CD8 T‐cell pool but to confer specific long‐term qualitative changes. The heightened number of B8‐specific CD8 T cells in the lung of rMVA‐CD70 immunized mice after ECTV challenge indicated a proliferative advantage. Especially in the absence of local antibody responses the 'race' between virus and immune system is difficult to win for the host. More quickly expanding memory cytotoxic T‐lymphocyte populations could clear the virus before it gains the upper hand. This might explain why the benefits of rMVA‐CD70 immunization became most apparent under CD4‐deficient conditions. The molecular nature of these changes remains elusive but probably includes factors associated with cytotoxicity, migration, invasion and the expression of co‐inhibitory molecules.[50](#imm12884-bib-0050){ref-type="ref"} Overall, our studies pave the way for developing vaccines against infectious diseases and cancer for people with weakened CD4 T‐cell responses, such as HIV‐infected people and the elderly population.[66](#imm12884-bib-0066){ref-type="ref"}
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